Research into the biodegradation of soil contaminants has rarely addressed the consequences of predator-prey interactions. Here, we investigated the joint effect of predation and dispersal networks on contaminant degradation by linking spatial abundances of degrader (Pseudomonas fluorescens LP6a) and predator (Bdellovibrio bacteriovorus) bacteria to the degradation of the major soil contaminant phenanthrene (PHE). We used a laboratory microcosm with a PHE passive dosing system and a glass fiber network to facilitate bacterial dispersal. Different predator-to-prey ratios and spatial arrangements of prey and predator inoculation were used to study predation pressure effects on PHE degradation. We observed that predation resulted in (i) enhanced PHE-degradation at low predator counts (PC) compared to controls lacking predation, (ii) reduced PHE-degradation at elevated PC relative to low PC, and (iii) significant effects of the spatial arrangement of prey and predator inoculation on PHE degradation. Our data suggest that predation facilitated by dispersal networks (such as fungal mycelia) may support the build-up of an effective bacterial biomass and, hence, contaminant biodegradation in heterogeneous systems such as soil.
INTRODUCTION
The availability of food is a decisive factor for the spatial distribution of bacteria, which retroactively influences the food source. Soil remediation using bacteria relies on the establishment of degrader populations at (micro-)sites where contaminants are available (Johnsen, Wick and Harms 2005) . Bacterial dispersal and growth at the expense of the contaminant are key mechanisms for the local build-up of an effective degrader population (Furuno et al. 2010; Banitz et al. 2012) . Additional complication arises when the bacteria themselves represent a food source for predators (Lambert et al. 2006b ). It can be expected that the establishment of both the bacterial degrader and the predator population is influenced by dispersal with overall consequences for the biodegradation performance that are difficult to predict and probably depend on the local conditions (Nunan et al. 2003; Gharasoo et al. 2014; Hol et al. 2016) .
Recent research has shown that fungal mycelia facilitate the movement of bacteria by providing continuous hydrated paths for bacterial dispersal even in partly water-saturated soil (Kohlmeier et al. 2005; Wick et al. 2007) . They thereby optimize the spatial arrangement of the bacteria relative to the contaminants with benefits for the rates of degradation and growth (Harms and Wick 2006; Otto et al. 2016a) . Dispersal infrastructure also facilitates the joint establishment of prey and predator populations in an otherwise largely impenetrable environment (Pion et al. 2013) . Sharing of the dispersal infrastructure with the predator, however, may drastically increase the contact between predator and its prey (Otto et al. 2016b) and increase the prey's activity by enabling its access to nutrients released by predatory elimination of inactive cells. In the present study, we hence combined the effect of network-facilitated biodegradation in the presence of predation pressure. Specifically, we were interested in the overall effect of dispersal networks on the distribution and performance of the phenanthrene (PHE)-degrading Pseudomonas fluorescens LP6a subjected to different scenarios of predation by the highly motile, polar flagellated (Lambert et al. 2006a; Morehouse et al. 2011 ) predatory soil bacterium Bdellovibrio bacteriovorus 109J Starr 1963, 1965; Foght et al. 1998) . Predation scenarios were adjusted by varying predator-to-prey ratios and the spatial arrangement of predator and prey inoculation relative to the dispersal networks, to study spatial effects of the predator attack. Both bacteria are well-characterized soil isolates often used to study PHE degradation and predatorprey interactions, respectively. Previous analyses thereby have shown that dispersal networks facilitate the surface colonization of P. fluorescens and thereby improved PHE degradation (Otto et al. 2016a) . Studies on the migration of predating bacteria along dispersal networks and its effect on the abundance of degrading prey bacteria and contaminant degradation, however, are novel and increase our knowledge on the role of mycelial networks for ecosystem functions such as the biodegradation of contaminants.
MATERIAL AND METHODS

Organisms and culture conditions
Pseudomonas fluorescens LP6a (Foght et al. 1998 ) was grown for 72 h at room temperature on a rotary shaker at 150 rpm in Erlenmeyer flasks containing 200 mL of minimal medium (MM; consisting of 100 mL L −1 of solution 1, 25 mL L −1 of solution 2 and 5 mL L −1 of solution 3 as detailed in Table S1 , Supporting Information) supplemented with 1.5 g L −1 PHE crystals (98% HPLC, Aldrich, Germany) as the sole carbon source. Cells were harvested and washed twice in 50 mM potassium phosphate buffer (PB ; Table SI1 ) and centrifuged at 1000 x g for 10 min. The pellet was resuspended in MM to reach a cell concentration of 3 × 10 10 cells mL −1 . Cell numbers were quantified with a CyFlow (PARTEC GmbH, Münster) as described elsewhere (Günther and Müller 2015 at 150 rpm for 48 h to reach a final predator concentration of ≈ 10 8 cells mL −1 of the predator as enumerated by plaque-forming unit (PFU) analysis as detailed below. The suspension was then passed three times through a 0.45 μm Millex pore-size filter (Millipore, Billerica, MA, USA) to remove residual prey and the filtrate diluted to obtain the desired predator concentrations. Predators were counted as follows: 1 mL sample of a given predator suspension was fixed with 0.5 mL of sodium azide (NaN 3 ; 10% (v/v)), filtered onto 0.2 μm Milipore filters (type GTTP) and subsequently DAPI stained (DAPI stock was diluted with Citifluor AF1 to final concentration 12.5 μg mL −1 ). Then, attached predator cells were enumerated by counting five randomly selected fields with the Nikon macroscope (AZ 100 Multizoom) and using the GFP-filter settings. Cell numbers of the predator 109J for the dispersal experiment were quantified by PFUs in a double-layered dNB agar, containing embedded Escherichia coli ML-35 cells as prey in soft agar on the top on which predator cells had been spread and counted as PFUs after 4-7 days of incubation as described elsewhere (Varon and Shilo 1968) .
PHE loading in PDMS
Polydimethylsiloxane (PDMS) was used as sorbent for passive dosing (Mayer et al. 1999; Smith et al. 2012; Otto et al. 2016a ) of PHE in biodegradation experiments (as detailed in the Supporting Information). Briefly, 1 cm long pieces of PDMS (0.33 g piece , C.V. 3.2%, n = 20) obtained from Altec (Cornwall, UK) were carefully cleaned. For loading the PDMS with PHE, a stock methanol/PHE solution was prepared in a 1 L flask prior to dilution to the desired concentrations in 500 mL flasks. Then, PDMS was added and PHE was allowed to partition from the methanol solution into the PDMS for 72 h. PDMS was cleaned with water and transferred into the microcosm system. The final PHE mean concentration in the PDMS was 458 ± 41 μg PHE per g PDMS.
Degradation and dispersal experiments
Triplicate microcosms with PHE-degrading prey bacteria (P. fluorescens LP6a) in the presence and absence of a bacterial predator (B. bacteriovorus 109J) were used to quantify the predation effect on the spatial abundance of prey bacteria and their biodegradation of constantly released PHE from PHE-loaded PDMS sticks (cf. below), respectively ( Fig. 1 ). Experiments were performed in presence and absence of networks to facilitate the dispersal of both predator and prey bacteria. All microcosms were analyzed after 72 h. Bdellovibrio bacteriovorus 109J was unable to degrade PHE (Fig. SI1 , Supporting Information). A mineral medium swarming agar (0.6% agar w/v) was used as model surface allowing for poor bacterial dispersal (Fig. 2) . Cleaned glass fibers placed on top of the agar and used as bacterial dispersal networks as described earlier (Otto et al. 2016a) . The surface of the microcosm was divided into zones A-D with an area of 0.5 cm 2 for prey inoculation zone A and 1 cm 2 for all other zones, respectively. Prey and predator bacteria were simultaneously added to the top of the agar in two different scenarios: 6.2 × 10 7 (± 1.4 × 10 5 ) prey cells were spot inoculated in zone A, whereas the predator was either coinoculated in zone A (scenario 'together') or at zone D (scenario 'apart'), to mimic co-occurrence or a head-on collision of both populations, respectively. For each scenario, three different predator counts (PCs) were applied to vary the level of predation pressure leading to prey-to-predator ratios of 8581:1 (low PC), 86:1 (medium PC) and 8.6:1 (high PC), respectively (cf. Table 1) . A microcosm without predators and glass fibers (' P GF') and a microcosm only without predators (' P') served as controls to assess the effects of predation and networkbased dispersal on PHE degradation. Zones A-D were harvested individually with a spatula by removing the top 2 mm of the agar and the glass fibers in order to best possibly ensure quantitative sampling of surface dispersed predator and prey bacteria. Glass fibers were cut at zone boundaries with sharp scissors prior to sampling. For sample preparation, 3 mL PB buffer was used to detach cells from glass fibers and the agar by vortexing and ultrasonication as described elsewhere (Kohlmeier et al. 2005) . After that 1 mL of the sample suspension was passed through a 0.45 μm Millex poresize filter (see above) to remove prey cells and used for PFU quantification. Then, 2 mL of remaining sample material was fixed with 1.5 mL 10% (v/v) sodium azide (NaN 3 ) and analyzed for total prey cell numbers by flow cytometry with a CyFlow Space (Sysmex Partec GmbH, Münster) as described elsewhere Table 1 . Overview of average predator and prey counts, the prey-to-predator ratios and the average PHE concentrations in the PDMS pieces at t = 0 h and t = 72 h for the microcosms tested. Obtained by serial dilution of the predator suspension used in the 'high PC' predation setup. (Günther and Müller 2015) . The instrument was adjusted using fluorescent 1 μm beads and cell counting was performed in triplicates with a 488 nm light of 50 mW to analyze the FSC and the SSC. The PDMS pieces were removed and analyzed for their PHE content.
Extraction and analysis of PHE
The PHE biodegradation was derived from quantitative analysis of residual PHE in the PDMS pieces. The PDMS contained >99% of the microcosms' total PHE content as calculated from the PHE partitioning coefficient between agar and PDMS (cf. SI and Otto et al. 2016a) . Briefly, PHE was extracted with 8 mL of the 1:3 solvent mixture of acetone and n-hexane containing perdeuterated PHE (PHE-d 10 , 10 mg mL −1 99.5%, Dr. Ehrenstorfer, Germany) and acenaphthylene (ACN-d, 10 mg mL −1 99.5%, Dr.
Ehrenstorfer, Germany) as extraction and injection standards and quantified in an HP 7890 Series GC as described elsewhere (Gros et al. 2014 ).
Calculation of the predation impact
To assess the predation impact of B. bacteriovorus 109J on the prey, the predation impact (PI) was calculated adopting a previously described approach (Fox 2002) :
In equation 1, K bac and R are the CFU detected after 72 h in the absence and presence of the predator, respectively. The unitless PI varies between 0 (no effect of predation) and 1 (complete extinction). In case of predation leading to increased CFU number, the value of PI becomes negative.
Statistical analysis
Comparison of replicates of the differing microcosms was performed using a one-way ANOVA. Replicates of microcosms with and without predation pressure (and with and without PHE, respectively) were compared with each other, using a one-way ANOVA with post hoc Tukey's HSD test under the significance level of 0.05. For each application of the ANOVA, the assumptions of normality and homogeneity of variances were tested using the Shapiro-Wilk test and Levene's test with absolute deviations, respectively.
RESULTS
Establishment of prey bacteria under different predation regimes
The establishment (i.e. dispersal and abundance) of Pseudomonas fluorescens LP6a with and without predation pressure exerted by Bdellovibrio bacteriovorus 109J was monitored by spatially resolved cell counting after 72 h. In the absence of predation and glass fibers (' P GF'), total number of prey cells decreased to 3.2 × 10 7 cells microcosm −1 , whereas in the microcosms that allowed for efficient network-based dispersal and hence better accessibility of the prey to the PHE released from the PDMS (' P') the number of prey cells rose to 9.9 × 10 7 cells microcosm −1 (Ta- predator-free control (' P'), whereas in zones B-D the prey populations were either similar (zones B and C) or slightly increased relative to ' P' (Fig. 2) . Different distribution developed when the predator was inoculated at distance from the prey (scenario 'apart'). Relative to ' P' the prey cell numbers were reduced in zones D and C and were about 2-fold lower than in the scenario 'together'. Despite such small variances in the spatial distribution, no significant differences between the overall final abundances of P. fluorescens LP6a with and without predators were found. As compared to the inoculum (6.2 × 10 7 cells), the total number of prey cells increased to ≈ 8-9 × 10 7 cells microcosm −1 in the scenarios 'apart' and 'together', respectively (Table 1) .
Distribution and abundance of predator bacteria
The spatially resolved abundance of B. bacteriovorus 109J after 72 h was quantified for both inoculation scenarios (i.e. scenario 'together' and scenario 'apart') and the three prey-to-predator ratios (8581:1; 86:1; 8.6:1) after 72 h of inoculation (Table 1 and Fig. SI1 ). Regardless of the inoculation scenario, high proportions of the predators (40% -70%) were detected at the inoculation point of the prey cells. Moreover, we observed that PFU increased at low PC, remained constant at medium PC and decreased at high PC relative to inoculated numbers (Fig. SI2 , Supporting Information). After 72 h, the prey-to-predator ratios approached similar values in all treatments (Table 1) . Bdellovibrio bacteriovorus 109J was unable to degrade ( Fig. SI2 ) and, hence, to grow on PHE.
Influence of predation on PHE degradation
Co-inoculation of prey and predator in the scenario 'together' led to a significant reduction of the PHE contents (Fig. 3) at low PC relative to the sterile control (35% ; Table 1 ) and the predator free control ' P' (21% ; Table 1 ), whereas high PC resulted in clearly decreased PHE biodegradation relative to predator free control ' P' (p = 0.06). In the scenario 'apart', however, reduced PHE removal relative to control ' P' at all PC was seen. Although statistically not significant, constantly better biodegradation was observed at lower than at higher PC. Interestingly, the PHE removal in the scenario 'apart' was similar to predator-free controls without glass fibers ' P GF' (Fig. 3) . PHE contents in ' P GF' and ' P' were ≈7% and ≈18% reduced relative to the sterile control, respectively (Table 1) . Spatial distribution of the PHE removal in the individual PDMS pieces 1-3 (Fig. 1 ) in the ' P' and ' P GF' scenarios showed highest PHE degradation close to the point of inoculation with poor PHE removal in the PDMS piece most distant to the prey in ' P GF' (Fig. 2 and SI3 , Supporting Information). In the scenario 'together', in the presence of the prey highest PHE removal was observed in the middle PDMS piece 2 at all PC, whereas no clear trend was found in the scenario 'apart' (Fig. SI3 ).
DISCUSSION
We investigated joint effects of increasing predation pressure and preferential dispersal on the establishment of bacterial prey and predator populations and its consequences for the biodegradation of slowly releasing PHE. Experiments were performed at varying predator-to-prey ratios and different initial spatial arrangements of predator and prey. The experimental setup was inspired by a soil-atmosphere interface constantly supplied with contaminant desorbing from the soil matrix, a contaminant-degrading population under top-down control by a predator population inhabiting the interface, and the hyphal network of a mycelium acting as efficient dispersal network for both populations. By using glass fiber networks, however, our setup excluded potential metabolic and/or antagonistic organismic mycelia-bacteria interactions. Motile bacterial predators, such as Bdellovibrio bacteriovorus 109J, are ubiquitous and might interfere with the establishment and performance of Gramnegative bacterial contaminant degraders (Lambert et al. 2006b; Sockett 2009 ). From observations in other environments devoted to biodegradation such as waste water treatment plants, it is known that predators do not necessarily reduce the overall performance of their prey populations (Dolinsek et al. 2013) . Explanations for this counterintuitive effect are the development of a transient resistance to predation of subpopulations of the prey (Shemesh and Jurkevitch 2004) and the constant adaption of such subpopulations to gain reproductive advantage. Such processes in temporally changing microenvironments comply with the 'Red Queen hypothesis' (Lythgoe and Read 1998; Matz et al. 2004) , which proposes that organism within a prey-predator relationship must evolve and constantly adapt in order to reproduce and to survive. Whereas the beneficial role of mycelia for the spatial dispersal of contaminant-degrading bacteria, their degradation performance and growth has been described before (Furuno et al. 2010 (Furuno et al. , 2012 Banitz et al. 2012; Otto et al. 2016a; Worrich et al. 2016) , the effects of such networks on the predation success of mobile predators and possible repercussions on the overall biodegradation rates (the degree of desired filter function of a soil layer inhabited by a degrader population) were unknown. Our data show that B. bacteriovorus 109J clearly influenced the efficiency of the prey bacteria to degrade PHE in the microcosms. Although no clear spatially explicit correlation between the PI (Fig. 4) and the PHE removal (Fig. SI3) was observed, the extent of PHE removal depended on the spatial arrangement of the predator and the prey cells. The spatial arrangement of the predator and the prey cells, however, significantly influenced the spatial distribution of the PHE-degrading population of P. fluorescens LP6a yet not its overall abundance. When prey and predator were inoculated in the same zone, we observed a shift of the prey population away from the inoculation point to more distant zones (Figs 2 and 4) . The mechanism underlying this displacement remains elusive. However, it is in good agreement with recent studies showing that prey cells may successfully escape and hide from their predator in microfragmented habitats (Hol et al. 2016) . In our experiment, such behavior may even have been facilitated by the dispersal network. Whereas chemoattraction of B. bacteriovorus 109J by its prey P. fluorescens LP6a has been suggested (Lambert, Smith and Sockett 2003; Chauhan and Williams 2006; Otto et al. 2016b) , chemorepellence of the prey organism by its predator remains to be substantiated. Clearly visible from our experiments is the role of dispersal networks in allowing bacteria to escape and reach safer habitats. These results with populations co-inoculated at the same zone (scenario 'together') seem to be confirmed by those obtained with separate inoculation at distant parts of the habitat (scenario 'apart'). In the latter, the prey cells were less displaced, which might reflect the lack of a predator signal in the proximity of the prey. An alternative explanation for low prey numbers in the predator inoculation zone would be, however, the efficient consumption of prey cells upon arrival. Interestingly, the overall number of prey cells was not significantly reduced in the presence of low PC. This is in agreement with the overall increase of contaminant degradation under these conditions, which is likely to have resulted in additional growth of prey cells. Hence, predation is likely to stimulate contaminant degradation and prey growth at least to an extent that compensates for the consumption of prey by the predator, respectively. Possible mechanisms are the predator effect on prey dispersal resulting in better exposure to the bioavailability-limited contaminant (Johnsen, Wick and Harms 2005) , the predation-induced recycling of nutrients (microbial loop) and the selective consumption of less active cells as has been proposed as an explanation for predation-stimulated waste water treatment (Thomas, Soddell and Kurtboke 2002; Shapiro, Kushmaro and Brenner 2010) . Studies also have found that prolonged cohabitation of prey with predator may lead to the development of resistances against predation (Shemesh and Jurkevitch 2004; Hol et al. 2016) . Furthermore, it is worth noting that in our system the stimulation of biodegradation was restricted to low and medium predation pressures, indicating that excessive predation overcharged the adaptation capacity of the prey population. This went along with reduced contaminant degradation. The observation of a declining predator population indicates that an initially overcharged system can approach a balance that eventually favors contaminant degradation (Table 1, Fig. SI1 ). The site-resolved analysis of population densities showed strongly varying PI (Fig. 4 ) that seemed to depend on local conditions. Hence, it is likely that especially under conditions of high PC the observed contaminant degradation rates integrated spots where predation was beneficial for the establishment of prey and its capacity to degrade PHE. Our study shows that even a relatively simple, binary community of a prey organism and its predator can establish a self-optimized, highly functional balance to the benefit of both partners, provided it is located in a structured habitat permitting efficient movement of both community members. It thereby paves the way for future work investigating physical and physiological influences of mycelial networks on long-term predator-prey interactions and their functional effects in more complex ecosystems, respectively.
